TRPM8 on mucosal sensory nerves regulates colitogenic responses by innate immune cells via CGRP. by de Jong, P et al.
UC Davis
UC Davis Previously Published Works
Title
TRPM8 on mucosal sensory nerves regulates colitogenic responses by innate immune cells 
via CGRP.
Permalink
https://escholarship.org/uc/item/8qr7w2w8
Journal
Mucosal Immunology, 8(3)
Authors
de Jong, P
Takahashi, N
Peiris, M
et al.
Publication Date
2015-05-01
DOI
10.1038/mi.2014.82
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
TRPM8 on mucosal sensory nerves regulates colitogenic 
responses by innate immune cells via CGRP
Petrus R. de Jong, MD1,2,5, Naoki Takahashi, DDS, PhD1,3,5, Madusha Peiris, PhD4, Samuel 
Bertin, PhD1, Jihyung Lee, PhD1, Melanie G. Gareau, PhD1, Alan Paniagua, BS1, Alexandra 
R. Harris, MS1, David S. Herdman, BS1, Maripat Corr, MD, PhD1, L. Ashley Blackshaw, 
PhD4, and Eyal Raz, MD1,¶
1Department of Medicine, University of California, San Diego, La Jolla, CA 92093, USA 
2University Medical Center Utrecht, Utrecht, Lundlaan 6, 3508 GA Utrecht, The Netherlands 
3Division of Oral Science for Health Promotion, Niigata University Graduate School of Medical 
and Dental Sciences, Niigata 951-8514, Japan 4Wingate Institute of Neurogastroenterology, 
Blizard Institute, Barts and The London School of Medicine and Dentistry, Queen Mary, University 
of London, London, UK
Abstract
TRPM8 is the molecular sensor for cold; however, the physiological role of TRPM8+ neurons at 
mucosal surfaces is unclear. Here we evaluated the distribution and peptidergic properties of 
TRPM8+ fibers in naïve and inflamed colons, as well as their role in mucosal inflammation. We 
found that Trpm8−/− mice were hypersusceptible to DSS-induced colitis, and that Trpm8−/− 
CD11c+ DCs showed hyperinflammatory responses to TLR stimulation. This was phenocopied in 
CGRP receptor deficient, but not in substance P receptor deficient mice, suggesting a functional 
link between TRPM8 and CGRP. The DSS phenotype of CGRP receptor deficient mice could be 
adoptively transferred to WT mice, suggesting that CGRP suppresses the colitogenic activity of 
bone marrow-derived cells. TRPM8+ mucosal fibers expressed CGRP in human and mouse colon. 
Furthermore, neuronal CGRP contents were increased in colons from naïve and DSS treated 
Trpm8−/− mice, suggesting deficient CGRP release in the absence of TRPM8 triggering. Finally, 
treatment of Trpm8−/− mice with CGRP reversed their hyperinflammatory phenotype. These 
results suggest that TRPM8 signaling in mucosal sensory neurons is indispensable for the 
regulation of innate inflammatory responses via the neuropeptide CGRP.
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INTRODUCTION
The mammalian transient receptor potential (TRP) ion channel family consists of at least 28 
members that are grouped into six subfamilies based on amino acid sequence homology: 
TRPC1-7 (canonical), TRPV1-6 (vanilloid), TRPM1-8 (melastatin), TRPP1-3 (polycystic), 
TRPML1-3 (mucolipin), and TRPA1 (ankyrin). Individual TRP channel subunits consist of 
six putative transmembrane spanning segments, with the pore-forming loop between the 5th 
and 6th domain. Both the N- and C-termini are located intracellularly and are involved in 
modulation of channel activity and the formation of multimers. The TRP channels can form 
homo- or heterotetramers and display a great diversity in activation mode, ion selectivity 
and physiological function. Almost all TRP channels are permeable to calcium, albeit some 
with low specificity with the permeability ratio of Ca2+ relative to Na+ (PCa/PNa) typically 
ranging from 0.3 to 100.1 In the gastrointestinal tract, TRP channels are involved in various 
sensory functions including chemo-, thermo- and mechanosensation.2 Transient receptor 
potential cation channel, subfamily M, member 8 (TRPM8) is a member within the subset of 
temperature-sensitive TRP channels and is the principal receptor involved in cold sensation. 
TRPM8 deficient mice fail to respond to noxious cold stimuli and do not benefit from cold 
analgesia.3 In addition to thermal stimulation, cooling agents such as menthol or icilin can 
activate TPRM8.4,5 Primary afferent neurons that express TRPM8 innervate the surfaces of 
the mammalian body, including the skin, oral cavity,6 bladder,7 and lungs.8 TRPM8+ 
afferents in the skin are involved in the regulation of central physiological functions, 
including body temperature regulation and cold behavior.9 Vagal afferents from the 
proximal gastrointestinal tract were also shown to express TRPM8 and to respond to cold 
and icilin.10 Importantly, we recently identified TRPM8+ spinal (i.e., extrinsic) afferents in 
multiple layers of the colon.11 In this context, TRPM8 signaling is likely to contribute to 
visceral perception, but may also have potential effects in the regulation of inflammatory 
responses.
The concept of neurogenic inflammation with regard to the pathogenesis of colitis and 
visceral hypersensitivity has regained attention in recent years,12,13 with nociceptors TRP 
vanilloid-1 (TRPV1) and TRP ankyrin-1 (TRPA1) as major players.14 Both 
pharmacological and genetic data suggest a deleterious role for TRPV1 in colitis,15,16 most 
likely through neuronal pathways. This is associated with the contribution of TRPV1 
signaling to visceral hypersensitivity and pain under inflammatory conditions in the 
colon.17–19 Indeed, the distal gastrointestinal tract is densely innervated by TRPV1+ sensory 
neurons.20,21 These extrinsic TRPV1+ neurons co-express various non-peptidergic (e.g. 
neuronal nitric oxide synthase) and peptidergic markers such as calcitonin-gene related 
peptide (CGRP), substance P (SP) and neurokinin A.21,22 Similarly, TRPA1 has been 
associated with the promotion of colitic responses.23,24 In addition to their expression by 
sensory neurons, signaling by TRP channels in non-excitable cells has been shown to play a 
role in colitis. For example, TRPV4 was found to be expressed by intestinal epithelial cells 
(IEC) and to promote experimental colitis.25,26 TRPM2 expression by monocytes enhances 
their inflammatory capacity, conversely, Trpm2−/− mice were resistant to colitis mediated 
by innate immune cells.27
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Offset against the overwhelming pro-inflammatory effects of various TRP channel family 
members, a recent report by Ramachandran et al. suggested a regulatory role for TRPM8 in 
experimental colitis.28 However, in contrast to our previous findings,11 TRPM8 expression 
was only described in IEC and the myenteric plexus.28 We hypothesized that colonic 
TRPM8+ primary afferent neurons might have local, anti-inflammatory effects on mucosal 
inflammatory cells. Indeed, we found that the genetic deletion of TRPM8 increased the 
susceptibility of mice to acute colitis. Genetic evidence suggested that this was not related to 
TRPM8 signaling in hematopoietic or intestinal epithelial cells. Trpm8−/− mice had 
increased CGRP contents in mucosal fibers under naïve and inflammatory conditions, 
suggesting deficient release of this neuropeptide in the intestinal microenvironment. Thus, 
our data suggest that TRPM8+ nerve fibers exert anti-inflammatory effects in the tissue 
microenvironment and restrict innate immune cell responses under inflammatory conditions 
via the local release of CGRP.
RESULTS
Genetic deletion of TRPM8 increases the susceptibility to acute experimental colitis
The acute dextran sodium sulfate (DSS)-induced colitis model is representative for the 
deleterious effects of innate immune responses in the course of mucosal injury. Hence we 
evaluated the contribution of TRPM8 signaling to acute colitis by employing Trpm8−/− 
mice.3 Mice treated with water only were used as controls. After DSS challenge, Trpm8−/− 
mice showed significantly more weight loss and intestinal bleeding, with a concomitant 
increase in mean disease activity index (DAI) compared to WT mice (Figure 1a, b). 
Histological analyses of distal colon sections showed enhanced mucosal injury and 
inflammatory cell infiltration in Trpm8−/− mice after DSS treatment (Figure 1c, d). 
Quantitative analysis of the mucosal integrity in cross-sectioned colons showed significantly 
increased ulceration in Trpm8−/− mice (Figure 1e), shorter colons (Supplementary Figures 
S1a, b), and reduced contents of Goblet cell products Muc2 (secreted MUC2) and Muc3 
(membrane-bound MUC3; Supplementary Figure S1c, d). Consistent with these 
observations, colon explants from Trpm8−/− mice produced significantly higher levels of 
pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6 (Figure 1f). As these data 
suggested that the lack of TRPM8 signaling confers susceptibility to DSS colitis, we 
hypothesized that Trpm8−/− mice would also be susceptible to a reduced DSS concentration 
that is not colitogenic in WT mice (DSSlow). To this end, we treated WT and Trpm8−/− mice 
with DSS 1% (w/v) for 5 days, followed by normal drinking water. As expected, DSSlow 
treatment did not result in bodyweight loss or intestinal bleeding (Figure 1g, h), nor did it 
result in signs of mucosal injury or inflammation in colons from WT mice (Figure 1i). 
However, DSSlow treatment in the Trpm8−/− cohort caused significant bodyweight loss, 
enhanced DAI (Figure 1g, h), clear histological signs of colitis (Figure 1i), as well as an 
elevated production of pro-inflammatory cytokines in colon explant cultures (Figure 1j). 
Together these data show that TRPM8 deficiency increases the host’s susceptibility to acute 
mucosal injury in the colon suggesting that endogenous TRPM8 signaling normally protects 
against the inflammatory damage associated with colitis.
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TRPM8 deficiency does not affect chronic DSS or TNBS-induced colitis
To also evaluate the role of TRPM8 signaling in experimental models of chronic colitis, we 
subjected WT and Trpm8−/− mice to three cycles of DSS, or 2,4,6-trinitrobenzene sulfonic 
acid (TNBS).29 These chemically induced colitis models involve activation of pro-
inflammatory CD4+ T-helper cell subsets e.g. Th1, Th2 and Th17, in conjunction with 
innate immune cell-driven inflammation. In the chronic DSS model, we observed 
significantly increased bodyweight loss in the Trpm8−/− cohort compared to WT mice 
during the first DSS challenge. However, these differences were diminished and eventually 
lost in the second and third DSS cycle, respectively (Supplementary Figure S1e). After three 
cycles of DSS, there were also no differences in DAI, the extent of mucosal injury or pro-
inflammatory cytokine production in colon explant cultures (Supplementary Figure S1f–h). 
Mesenteric lymph node (MLN) cells isolated from WT and Trpm8−/− mice after three 
cycles of DSS showed similar (TNF-α, IL-17A) or even lower (IFNγ) levels of cytokine 
production after CD3/CD28 restimulation in the latter (Supplementary Figure S1i). Thus, 
Trpm8−/− mice did not display a hyperinflammatory phenotype in the chronic DSS colitis 
model. Similarly, Trpm8−/− mice showed similar or diminished signs of disease severity in 
the TNBS-mediated colitis model, as measured by bodyweight loss, mucosal injury and pro-
inflammatory cytokine production (Supplementary Figure S1j–m). Together, these data 
suggest a protective role for TRPM8 signaling in acute i.e., innate immune cell mediated 
colitis, but not chronic colitis.
Lack of epithelial characteristics predisposing for colitis in TRPM8−/− mice
Next, we sought to identify the mechanism by which TRPM8 signaling mediates protective 
effects in acute colitis. The DSS model is affected by multiple host factors, such as the gut 
barrier function and host immune responses. With regard to the gut barrier, the mucus layer 
is an important component of the intestinal lining to physically separate host cells from 
noxious biochemical and microbial substrates present in the lumen. TRPM8 has been linked 
to skin barrier function,30 and to the regulation of mucin production in the lungs.31 Whereas 
a reduced expression of mucin transcripts was observed in inflamed colons (Supplementary 
Figure S1c, d), we found no differences in colonic Muc2 or Muc3 expression between naïve 
WT and Trpm8−/− mice (Supplementary Figure S2a). In addition, there were no differences 
in intestinal barrier function as measured in vivo (Supplementary Figure S2b, c), or by 
Ussing chamber experiments ex vivo (Supplementary Figure S2d) between WT and 
Trpm8−/− mice. There were also no differences in IEC proliferation (Supplementary Figure 
S2e, f) between the two mouse strains under homeostatic conditions. Furthermore, we found 
that Trpm8 mRNA was not expressed by IEC (Supplementary Figure S2g). Thus, these data 
suggest that deficient TRPM8 signaling does not lead to gut barrier dysfunction and does not 
explain the DSS phenotype of Trpm8−/− mice.
TRPM8 deficiency in non-hematopoietic cells results in a hyperinflammatory phenotype
We then evaluated whether naïve Trpm8−/− mice show features of immune dysregulation as 
a possible explanation for their DSS susceptibility phenotype. We previously reported that 
conventional CD11chi dendritic cells (DCs) play a crucial role in DSS colitis.32 Thus, we 
tested whether DCs displayed hyperinflammatory responses in naïve Trpm8−/− mice. Given 
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the limited number of DCs that can be isolated from the colonic lamina propria in naïve 
mice, we compared freshly isolated CD11c+ DCs from the spleens of WT versus Trpm8−/− 
mice. Splenic DCs were stimulated with two different TLR ligands i.e., LPS (TLR4 ligand) 
or CpG ODN (TLR9 ligand). We found that splenic CD11c+ DCs from Trpm8−/− mice 
produced significantly higher levels of TNF-α and IL-6 (Figure 2a). Members of the TRPM 
family (e.g. TRPM1, TRPM2, TRPM4 and TRPM7),33 and TRPM8 in particular,34 may 
play pivotal roles in innate immune cell functions. Thus, we tested whether our observations 
could be explained by cell-intrinsic signaling by TRPM8 by using bone marrow derived 
DCs (BMDCs) followed by enrichment for CD11c+ cells after ex vivo expansion. However, 
we did not find any significant differences in TNF-α or IL-6 production after TLR 
stimulation between WT versus Trpm8−/− BMDCs (Figure 2b). Consistent with these data, 
we did not observe expression of Trpm8 in either freshly isolated splenic CD11c+ DCs or 
cultured CD11c+ BMDCs (Figure 2c).
We then hypothesized that the microenvironment in the host, for example neuronal input, 
may determine the inflammatory output of CD11c+ DCs. To confirm that non-
hematopoietic expression of TRPM8 drives the phenotype of Trpm8−/− mice in the DSS 
colitis model, we generated bone marrow chimeras (BMC). WT and Trpm8−/− mice 
recipients were reconstituted with bone marrow harvested from either WT or Trpm8−/− 
donors, yielding 4 experimental groups (donor –> recipient). After a recovery period of 6 
weeks, the recipients were subjected to DSS and colons were harvested for analysis. 
Importantly, all Trpm8−/− recipients (WT –> Trpm8−/− and Trpm8−/− –> Trpm8−/− groups) 
showed an increased susceptibility to DSS colitis, independent of their respective bone 
marrow donors. This was shown by an increased bodyweight loss, elevated DAI (Figure 2d) 
and enhanced TNF-α production in colon explant cultures from Trpm8−/− recipients (Figure 
2e). These results were consistent with colitis severity represented by the mucosal damage 
and inflammatory cell infiltration (Figure 2f). In contrast, WT mice grafted with Trpm8−/− 
bone marrow (Trpm8−/− –> WT) showed comparable bodyweight loss and similar colitis 
severity to controls (WT –> WT) (Figure 2d–f). Taken together, these results indicate that 
TRPM8 signaling in non-hematopoietic cells affects the hyperinflammatory phenotype of 
Trpm8−/− mice in experimental colitis.
TRPM8+ mucosal fibers in the colon express CGRP
Given our previous observation that TRPM8 is expressed by mucosal fibers in the colon,11 
we then addressed the peptidergic features of TRPM8+ neurons during quiescent and 
inflammatory conditions. The role of neurogenic inflammation in colitis has been 
established in recent years,12 and most data suggest that TRP channel activation plays a 
deleterious role in this regard. Our previous work identified TRPM8+ afferents in all layers 
of the colon, including the mucosa, where they co-labeled with CGRP.11 Immunofluorescent 
staining confirmed expression of both CGRP and TRPM8 throughout the murine colon, with 
the most dense pattern of positive fibers found in the myenteric plexus (Supplementary 
Figure S3a, arrowheads) and serosa (Supplementary Figure S3b, double asterisks), 
respectively. Next, co-labeling of TRPM8/CGRP in mucosal fibers and the myenteric plexus 
was confirmed in colon sections from naïve WT mice (Figure 3a). TRPM8 staining was 
absent in Trpm8−/− mice in either the mucosa or myenteric plexus (Figure 3b) consistent 
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with the lack of Trpm8 expression in this strain.3 TRPM8+ staining patterns in WT colons 
that were superimposed to phase-contrast images suggested that the specific TRPM8+ 
immunoreactivity (IR) observed was located between colonic crypts (Supplementary Figure 
S3c), consistent with the structural features of mucosal fibers. Importantly, we also observed 
TRPM8/CGRP co-labeling fibers in the human colon (Figure 3c). In addition, whereas 
relatively few CGRP+ mucosal fibers were observed in naïve WT colons, these were 
markedly increased after DSS treatment (Figure 3d). Furthermore, enhanced CGRP 
expression levels were observed in mucosal fibers in Trpm8−/− mice under both homeostatic 
and inflammatory conditions (Figure 3e). Image quantification of CGRP in colon sections 
from naïve or DSS-treated WT and Trpm8−/− mice confirmed the increased CGRP levels in 
knockout tissues (Figure 3f). Representative results of CGRP/TRPM8 co-labeling mucosal 
fibers in DSS-treated WT mice are shown in Figure 3g and Supplementary Figure S3d. The 
increased expression of CGRP in naïve and inflamed Trpm8−/− colons compared to WT was 
confirmed by measuring neuropeptide levels in colon homogenates (Figure 3h). We then 
evaluated the intensity of TRPM8-IR in mucosal fibers under both quiescent and 
inflammatory conditions. Colons from naïve and DSS treated mice were co-labeled for 
TRPM8 and an epithelial marker, E-cadherin, to visualize the mucosal layer. Analogous to 
the increased CGRP expression observed under inflammatory conditions, TRPM8-IR+ was 
more distinct in mucosal fibers in DSS treated colons compared to controls (Figure 3i). 
Based on these data, we speculate that both TRPM8 and CGRP expression may increase in 
colonic fibers during inflammation. Altogether, this suggests a possible role for CGRP 
release by TRPM8+ sensory neurons in the regulation of colonic inflammation.
CGRP receptor deficiency in hematopoietic cells confers susceptibility to colitis
Based on our assumption that the lack of TRPM8 mimics deficient CGRP signaling, we next 
addressed the regulatory effects of CGRP in colitis. CGRP and SP are the two predominant 
neuropeptides in sensory neurons that innervate the colon,12 and they appear to have 
reciprocal effects on colitis. Whereas CGRP protects against colitis, the effects of SP 
signaling increase the colitis severity.35–37 Notably, deletion of either CGRP isoform (α-
CGRP and β-CGRP) increases the susceptibility to spontaneous colitis, suggesting a non-
redundant immunoregulatory role for CGRP+ colonic afferents.38 Indeed, CGRP has 
established anti-inflammatory effects on DCs,39 and the CGRP receptor is expressed by 
CD11c+ DCs.40 However, the mechanism by which CGRP is released during inflammation 
is unknown. We hypothesized that CGRP released by TRPM8+ sensory neurons could affect 
the onset and severity of colitis by suppressing local inflammatory responses.
To first evaluate the proximity between CGRP+ mucosal fibers and CD11c+ DCs, we 
performed double staining on colon sections from DSS-treated WT and Trpm8−/− mice. 
This showed CGRP+ fibers in close proximity to CD11c+ cells in the inflamed colonic 
mucosa (Figure 4a), thereby suggesting a possible functional association. In line with the 
hyperinflammatory phenotype of Trpm8−/− mice, we also observed a significantly increased 
number of CD11c+ cells per field in the colon early during DSS challenge, but not in the 
spleen (Figure 4b).
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Next, we used mice with defective CGRP signaling to test the effect of CGRP signaling on 
DSS colitis. The CGRP receptor consists of the calcitonin receptor-like receptor (CLR) and 
its co-receptor, receptor activity modifying protein-1 (RAMP1). Ramp1−/− mice fail to 
respond to CGRP stimulation.41 Thus, we subjected Ramp1−/− mice to DSS and compared 
the outcome to WT mice. The lack of CGRP signaling resulted in increased colitis severity 
after DSS treatment as shown by significantly increased bodyweight loss and DAI (Figure 
5a, b), mucosal damage (Figure 5c) and enhanced pro-inflammatory cytokine production by 
colon explants in the Ramp1−/− cohort (Figure 5d). To test the role of CGRP receptor 
signaling in BM-derived cells in colitis, BMC were generated with WT or Ramp1−/− mice 
as donors. After challenge with DSS, we observed that WT recipients of Ramp1−/− bone 
marrow displayed more severe colitis (Figure 5e–g). Consistent with these data, we 
confirmed expression of both CLR and RAMP1 in CD11c+ splenic DC and BMDC at the 
mRNA (Figure 5h) and protein level (Figure 5i). Moreover, we found that BMDC generated 
from Ramp1−/− mice showed a hyperinflammatory phenotype upon TLR stimulation 
(Figure 5j). Together, these results suggest that CGRP signaling in BM-derived cells (e.g. 
CD11c+ DCs) protects against experimental colitis. Finally, opposite results were achieved 
by using SP receptor knockout (Nk1−/−) mice in standard DSS or BMC experiments 
(Supplementary Figure S4a, b, respectively), confirming the opposing pro-inflammatory role 
of SP in the colon.
CGRP treatment reverses the hyperinflammatory phenotype of TRPM8−/− mice
Based on the findings above, we hypothesized that the increased susceptibility of Trpm8−/− 
mice to DSS might be due to a lack of CGRP release in the colonic mucosa, which normally 
acts to suppress local inflammatory responses. Thus, we tested the direct effects of 
recombinant CGRP on TLR-induced cytokine production by CD11c+ DCs isolated from 
WT and Trpm8−/− mice. We found that the increased production of TNF-α by splenic DCs 
isolated from Trpm8−/− mice was reversed by recombinant CGRP (rCGRP) pretreatment 
(Figure 6a). These results suggest that rCGRP treatment ex vivo recapitulated the normal 
suppressive environment of the host provided by TRPM8+ sensory neurons. To test whether 
rCGRP also reversed the increased susceptibility of TRPM8 deficient mice to DSS colitis, 
we treated WT and Trpm8−/− mice with rCGRP (i.p.) during DSS challenge. Whereas 
rCGRP treatment did not have marked effects in the WT control group, it successfully 
reversed the increased bodyweight loss (Figure 6b), DAI (Figure 6c), mucosal damage and 
colonic inflammation (Figure 6d) in the Trpm8−/− cohort. Conversely, treatment with a 
CGRP receptor antagonist should only affect the course of DSS colitis in WT mice. We 
found that i.p. treatment with the CGRP antagonist, CGRP8–37, significantly increased the 
colitis-associated DAI, mucosal damage and pro-inflammatory cytokine production in colon 
explants in WT mice, but not in the Trpm8−/− cohort (Supplementary Figure 5a–d). 
Together, these data suggest that the hyperinflammatory phenotype of Trpm8−/− mice may 
be explained by deficient CGRP signaling. This led us to propose a working model in which 
dysfunctional secretion of CGRP in the tissue microenvironment leads to a dysregulation of 
innate immune responses in Trpm8−/− mice, as summarized in Figure 7.
de Jong et al. Page 7
Mucosal Immunol. Author manuscript; available in PMC 2015 November 01.
Author M
anuscript
Author M
anuscript
Author M
anuscript
Author M
anuscript
DISCUSSION
Our data suggest a regulatory role for TRPM8+ mucosal nerve fibers through the local 
release of CGRP in an experimental model of acute colitis. This is based on the following 
observations. First, we found that Trpm8−/− mice are extremely sensitive to DSS colitis 
(Figure 1). Second, innate immune cells from Trpm8−/− mice displayed hyperinflammatory 
responses upon stimulation with TLR ligands ex vivo, although this was not related to 
intrinsic TRPM8 signaling in myeloid cells (Figure 2). Third, we observed CGRP-IR in 
TRPM8+ fibers in the human and mouse colon, as well as an increase in TRPM8/CGRP 
expression in mucosal fibers in experimental colitis (Figure 3). These CGRP+ mucosal 
fibers were observed in close proximity to CD11c+ cells in the inflamed colon (Figure 4). 
Fourth, we found that the hypersusceptiblity of Trpm8−/− mice to DSS colitis was 
phenocopied by mice with defective CGRP signaling (Figure 5). Finally, treatment with 
exogenous CGRP rescued the DSS susceptibility phenotype of Trpm8−/− mice (Figure 6). 
Thus, we propose a model in which mucosal injury or colitis activates TRPM8 signaling in a 
subset of mucosal sensory neurons which results in the local release of CGRP. 
Subsequently, local high concentrations of CGRP suppress pro-inflammatory cytokine 
production by innate immune cells such as CD11c+ DCs, thereby suppressing colitogenic 
responses (Figure 7a). This immunoregulatory mechanism is absent in Trpm8 deficient 
mice, resulting in accumulation of non-released CGRP in mucosal fibers and a 
hyperinflammatory phenotype (Figure 7b). Alternatively, the surprising and paradoxical 
observation of CGRP accumulation in Trpm8−/− colons may result from the increased 
inflammatory activity observed in these mice after DSS challenge. However, the well-
established anti-inflammatory effects of CGRP may be more consistent with our proposed 
model (Figure 7).
In contrast to the skin and oral cavity, the intestines are not subject to temperature changes. 
Thus, our model implies that endogenous TRPM8 ligands and/or modulators may play an 
important role in mucosal homeostasis. Furthermore, the production of these substrates may 
be modulated by inflammatory signaling pathways. Potential candidates are the end products 
of Ca2+-independent phospholipase A2 (iPLA2) which includes lysophosphatidylcholine, 
lysophosphatidylinositol and lysophosphatidylserine. These lysophospholipids can shift the 
gating threshold of TRPM8 to more physiological temperatures.42,43 Since inflammation-
associated injury leads to the activation of iPLA2,44 this putative positive feedback loop may 
promote TRPM8 gating in the inflamed gut thereby providing an endogenous pathway for 
its activation. Similarly, phosphatidylinositol 4,5-bisphosphate (PIP2, a membrane 
phospholipid) can directly induce gating of the TRPM8 channel independent of temperature 
or cooling agents.45 This provides an alternative pathway of endogenous TRPM8 activation 
in the course of inflammatory damage. For example, activation of phosphatidylinositol 4-
phosphate 5 kinase (PIP5K) in sensory neurons during inflammation, as recently 
demonstrated,46 may lead to PIP2-mediated TRPM8 activation. Thus, various putative 
mechanisms could connect the induction of inflammatory injury to TRPM8 activation on 
mucosal fibers in the intestines. On the other hand, certain components of the ‘inflammatory 
soup’ are capable of antagonizing TRPM8 signaling, including endovanilloids and 
endocannabinoids.47 Furthermore, G-protein-coupled receptor (GPCR) ligands such as pro-
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inflammatory mediators bradykinin and histamine can directly inhibit TRPM8 gating via G-
protein subunit Gαq.48 These endogenous signaling pathways often have opposite effects on 
cold receptor TRPM8 versus prototypical heat receptor TRPV1 (i.e. inhibition of TRPM8 
versus activation of TRPV1, and vice versa).45,47,48 Thus, the pleiotropic effects of these 
endogenous mediators on TRP channel gating imply an important modulatory effect on the 
regulation of neurogenic inflammation in colitis.
Early reports suggested that the expression of neuronal TRPM8 did not overlap with 
prototypical nociceptive markers i.e., CGRP and TRPV1, based on immunostaining of 
rodent dorsal root ganglions (DRG).5 Co-expression of TRPM8 and CGRP was also not 
observed in nerve fibers that innervate the oral mucosa.6 However, careful dissection of the 
neurochemical properties of TRPM8+ fibers with a reporter mouse strain (Trpm8GFP) 
showed a more diverse and heterogeneous picture. A mixture of TRPM8+ putative 
nociceptors and non-nociceptors were observed in various neuronal structures, including 
TRPM8/CGRP double positive neurons in the trigeminal ganglion (TG), skin and oral 
cavity.49 We and others confirmed expression of CGRP in TRPM8+ extrinsic fibers that 
penetrate the skin,50 bladder,7 colon (Ref.11 and Figure 3), as well as the TG.51 These 
peptidergic properties of TRPM8+ fibers are relevant in the context of their proposed 
physiological functions. CGRP is a classic nociceptive marker and its role in pain perception 
is well-established, in addition to its contribution to neurogenic inflammation. The interplay 
between CGRP and SP on the activation of infiltrating inflammatory cells in the colon is 
particularly important in this regard.12 Whereas experimental colitis models show that SP 
mainly displays colitogenic properties,24,35,36 CGRP is protective.36–38 Our data confirmed 
the opposite roles of these two neuropeptides in colitis (Figure 5a–g, Supplementary Figure 
S4). In addition, our results suggest that TRPM8+ mucosal fibers are crucial for local CGRP 
release in the colonic mucosa upon acute mucosal injury (Figure 3d–g). Notably, the 
susceptibility phenotype of Trpm8−/− mice was not observed in chronic colitis induced by 
three cycles of DSS, or TNBS administration (Supplementary Figure S1e–m), which may be 
related to differences in the type of infiltrating inflammatory cells between these models. 
Finally, the anti-colitogenic role of CGRP seems at odds with the reported pro-inflammatory 
properties of TRPV1 signaling,12,15 since TRPV1 is usually co-expressed with CGRP in 
mucosal fibers in the intestines.20–22 However, this may be explained by the co-expression 
of SP in TRPV1+ fibers,21,22 which could shift the balance to a predominantly pro-
inflammatory output.52 In contrast, TRPM8+ fibers show no detectable,6 or very low,50 
levels of SP.
To further dissect the features of TRPM8/CGRP signaling in neurogenic inflammation, we 
applied BMC to show that it is the expression of neuropeptide receptors on BM-derived 
cells that determines the outcome of colitis. The transfer of CGRP receptor deficient 
(Ramp1−/−) BM conferred enhanced DSS susceptibility to WT mice (Figure 5e–g). 
Conversely, the transfer of SP receptor deficient (Nk1−/−) bone marrow protected WT mice 
from DSS colitis (Supplementary Figure S4b). We also confirmed the expression of the 
receptor and co-receptor for CGRP (i.e., CLR and RAMP1, respectively) in CD11c+ cells at 
mRNA and protein level (Figure 5h, i). The immunoregulatory effects of CGRP on CD11c+ 
DCs have been previously demonstrated in the context of sepsis,41 allergic airway 
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responses,40 and skin inflammation.53 Mechanistically, the inhibition of TLR pathways by 
CGRP was shown to be dependent of transcriptional inducible cAMP early repressor (ICER) 
in DCs.54 ICER is selectively induced in DCs by CGRP through intracellular [cAMP] 
elevations. ICER then interferes with the recruitment of ATF-2 to the Tnfa promoter.39 
Given the central role of TNF-α in the pathogenesis of colitis, these data are consistent with 
our proposed model in which TRPM8+/CGRP+ neuronal fibers provide local, anti-
inflammatory signals upon the perturbation of mucosal homeostasis in the colon. A practical 
limitation of our study is the use of CD11c+ splenic DCs or BMDCs to demonstrate the 
effects of the TRPM8/CGRP axis on innate immune cells in the gut. CD11c is generally 
regarded as a marker for ‘conventional DCs’ (cDCs), which co-express MHC class II, but 
are negative for the high-affinity IgG receptor FcγR1 (CD64). In the intestinal lamina 
propria (LP), DCs can be derived from blood-derived committed precursors, which also 
form splenic CD11c+ cDCs, whereas other subsets are thought to derive from gut associated 
lymphoid tissue.55,56 Given the limited number of CD11c+ cDCs in the colonic LP,57 we 
have used CD11c+ cDCs isolated from the spleen or ex vivo cultured CD11c+ BMDC in our 
assays, with the assumption that their responses to CGRP are similar to those from CD11c+ 
LP cDCs. Thus, the regulatory effects of CGRP on the response of various intestinal LP 
cDCs subsets to TLR stimulation should be studied in more detail.
A recent report by Ramachandran et al.28 confirmed the regulatory role of TRPM8 signaling 
in two different models of chemically-induced colitis (DSS, TNBS) through 
pharmacological studies (i.e., with menthol or icilin) and data generated with the TRPM8GFP 
reporter strain. They suggest a model in which agonist-mediated TRPM8 receptor activation 
inhibits the pro-inflammatory effects of TRPV1. Our data, based on genetic evidence, BMC 
and protein expression data, is conceptually different in some aspects. Although we also 
confirmed TRPM8 expression in the myenteric plexus (Ref.11; Figure 3a), we could not find 
clear evidence for Trpm8 expression in IEC (Figure 3i, Supplementary Figure S2g–S3). We 
also observed that CGRP is co-expressed with TRPM8 in colonic mucosal fibers in mouse 
and human (Ref.11; Figure 3a, c), and that CGRP levels in mucosal fibers are increased in 
naïve and DSS-treated Trpm8−/− mice compared to WT controls (Figure 3d–g), whereas 
their data suggest that TRPM8+ sensory neurons do not express CGRP.28 Thus, our findings 
led us to propose a different model in which TRPM8+ mucosal fibers directly suppress 
innate immune cells through CGRP (Figure 7). This model is also consistent with the 
established anti-inflammatory effects of CGRP on DCs and colitis. Of note, a recent 
publication by Hosoya et al. confirmed positive TRPM8 staining in fiber-like structures in 
the colon, in addition to TRPM8-IR+ in IEC.58 Thus, the expression patterns of TRPM8 in 
the gut i.e., in both neuronal and non-neuronal cells, might account for multiple mechanisms 
of immune modulation. Furthermore, Hosoya et al. also confirmed TRPM8/CGRP co-
labeling in colonic mucosal fibers, in addition to increased TRPM8-IR+ in these fibers under 
inflammatory conditions.58 Together with these data, our findings contribute to a 
fundamental understanding of the role of TRP channel and neuropeptide signaling in the 
regulation of mucosal inflammation.
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METHODS
Reagents
Dextran sodium sulfate was purchased from MP Biomedicals (Solon, OH, USA). DL-
Dithiothreitol (DTT), EDTA, FITC-Dextran (FD-4), LPS (Escherichia coli O111:B4) and 
2,4,6-trinitrobenzene sulfonic acid (TNBS) were obtained from Sigma (St. Louis, MO, 
USA). Recombinant murine GM-CSF was purchased from eBioscience (San Diego, CA, 
USA). LPS-free 1018 CpG-ODN (5-TGACTGTGAACGTTCGAGATGA-3) was obtained 
from TriLink Biotechnologies (San Diego, CA, USA). Recombinant CGRP (Human) and 
CGRP8–37 were obtained from Phoenix Pharmaceuticals (Burlingame, CA, USA).
Mice
Eight-to-twelve week old, sex-matched mice were used for all experiments. Specific 
pathogen free C57BL/6 mice were acquired from Harlan Sprague Inc (Hayward, CA, USA) 
and bred in our vivarium before colitis experiments were performed to minimize differences 
in intestinal flora. Trpm8−/− mice3 were kindly provided by Dr. A. Patapoutian (TSRI, La 
Jolla, USA). Ramp1−/− mice41 were kindly provided by Dr. K. Tsujikawa (Osaka 
University, Osaka, Japan). Nk1−/− mice59 were kindly provided by Dr. J Weinstock (Tufts 
Medical Center, Boston, USA). Experimental procedures were conducted in accordance 
with the University of California, San Diego institutional guidelines for Animal Care and 
Use (IACUC).
DSS and TNBS colitis
Based on previous experience with the acute DSS model in our vivarium32 we used DSS 
dissolved at 1% (DSSlow) or 2% (w/v) in sterile drinking water during 5 days before 
switching to water. For some experiments, control groups were treated with drinking water 
only. In the chronic DSS model, three consecutive cycles of 2% (w/v) DSS were applied 
during 5 days, followed by two weeks of water. Mice were euthanized on day 10 of the final 
DSS cycle. For the TNBS colitis model, mice were sensitized on day −7 by cutaneous 
application of 1% (w/v) TNBS or EtOH (negative control) in a mixture of acetone/olive oil 
(4:1). All mice were re-challenged on day 0 with 2.5% (w/v) TNBS by rectal administration. 
Cohorts of TNBS treated mice were euthanized on day 3 or day 5 of follow-up for analysis 
of colitis severity and inflammatory cytokine production. For intervention studies in the 
acute DSS model, CGRP (agonist), CGRP8–37 (antagonist) or PBS was administered to mice 
at 2 μg/day (i.p.). Bodyweights of mice were recorded daily. Mice were euthanized at time 
of maximal bodyweight differences between groups, as indicated in the figure legends. 
Intestinal bleeding was monitored with the hemoccult test (Beckman Coulter) to calculate 
the disease activity index (DAI). Body weight loss was scored as follows: 0 = 0–4.9%; 1 = 
5.0–9.9%; 2 = 10.0–14.9%; 3 = 15.0–19.9%; 4 = >20.0% bodyweight loss. Intestinal 
bleeding was scored as follows: 0 = negative hemoccult test; 2 = positive hemoccult test; 4 = 
gross rectal bleeding. Bodyweight loss and intestinal bleeding scores were added, resulting 
in a total score ranging from 0–8.
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Functional intestinal barrier tests
FITC-Dextran (FD-4) was dissolved at 60 mg/mL in water and orally delivered to mice. 
Blood serum was obtained by retro-orbital bleeding 2 hrs later. The fluorescence (FU) in 
serum samples was compared to a standard range of FITC-Dextran to calculate FD-4 values 
in experimental samples. Fecal albumin measurements were performed with dried fecal 
pellets using the Mouse Albumin ELISA Quantitation Set obtained from Bethyl 
Laboratories (Montgomery, TX, USA) according to manufacturer’s instructions.
Ussing chamber experiments
Segments of distal colon were cut along the mesenteric border and mounted in Ussing 
chambers (Physiological instruments, San Diego, CA), with a window area of 0.09 cm2, 
according to protocol.60,61 Baseline short-circuit current (Isc) values were obtained at 
equilibrium, 15 min after the tissues were mounted and expressed as μA/cm2. Conductance 
(G) was also determined at baseline as an indicator of ion flux, or paracellular permeability, 
and expressed as mS/cm2. FITC labeled dextran (4 kDa, Sigma) was used as a probe to 
assess macromolecular permeability, and was added to the luminal buffer at a final 
concentration of 2.2 mg/mL once equilibrium was reached. Serosal samples were taken at 30 
min intervals for 2 hrs and replaced with fresh buffer to maintain constant volumes. 
Fluorescence was measured by end point assay (Victor4X, Perkin Elmer, Waltham, MA) 
and the flux of FITC-dextran from the mucosa to the serosa was calculated as the average 
value of three consecutive stable flux periods (30–60, 60–90 and 90–120 min) and expressed 
as μg/ml/cm2/h.
Histological analysis of colitis
The excised colon was opened longitudinally with surgical scissors and rolled from 
proximal to distal. Colon rolls were fixed with 10% buffered formalin for 24 hrs. Paraffin 
cross-sections (5 μm) were stained with H&E and the severity of colitis was determined by 
evaluating epithelial damage and inflammatory cell infiltration, respectively. Colonic 
epithelial damage was scored as follows: 0 = normal; 1 = hyper-proliferation, irregular 
crypts, and goblet cell loss; 2 = mild to moderate crypt loss (10–50%); 3 = severe crypt loss 
(50–90%); 4 = complete crypt loss, surface epithelium intact; 5 = small to medium sized 
ulcer (<10 crypt widths); 6 = large ulcer (>10 crypt widths). Infiltration with inflammatory 
cells was scored separately for mucosa (0 = normal; 1 = mild; 2 = modest; 3 = severe), 
submucosa (0 = normal; 1 = mild to modest; 2 = severe), and muscle/serosa (0 = normal; 1 = 
moderate to severe). Scores for epithelial damage and inflammatory cell infiltration were 
added, resulting in a total colitis score ranging from 0–12.
Colonic explants and MLN T-cell stimulation
After extraction and longitudinal opening of the colon, 3 rectangular tissue specimens (2 
mm × 8–10 mm) from the proximal, middle and distal colon were excised. The tissues were 
weighed, then washed in RPMI-1640 medium (Gibco, Grand Island, NY, USA) containing 
streptomycin (100 μg/mL) and penicillin (100 U/mL). Tissue explants were incubated in 24-
wells plates in 500 μL supplemented RPMI-1640 culture medium for 18 hrs (at 37°C, with 
5% CO2 humidified air). After incubation, supernatants were harvested and stored at −80°C 
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until cytokine quantification by ELISA. Cytokine levels were normalized per mg colon 
tissue. For T-cell stimulation assays, MLN cells were stimulated with 10 μg/ml plate-bound 
anti-CD3 and 1 μg/ml soluble anti-CD28 Abs in complete RPMI 1640 medium. 
Supernatants were collected 24 hrs after stimulation for evaluation of cytokine levels by 
ELISA.
ELISA and EIA
Quantitative analyses for TNF-α, IL-1β, IL-6, IL-17A and IFNγ were performed with 
commercial ELISA kits (eBioscience) according to manufacturer’s instructions. CGRP 
levels in colon homogenates were quantified with the CGRP (rat) EIA kit obtained from 
Cayman (Ann Arbor, MI, USA) following the manufacturer’s instructions.
Intestinal epithelial cell isolation
Performed as previously.62 In short, colons were washed three times in PBS (1 mM DTT), 
followed by incubation in HBSS (5 mM EDTA, 0.5 mM DTT) for 1 hr at 37°C. Detached 
single cells and crypts (supernatants) were centrifuged at 800 g for 5 min in a table-top 
centrifuge, and washed three times in PBS before RNA extraction.
Bone marrow chimeras
Groups of eight-to-ten week old, sex-matched recipients (WT or knockout mice) were γ-
irradiated (9 Gy). Recipient mice were then i.v. injected with 107 bone marrow cells from 
sex-matched donor mice within 24 hrs after irradiation. Recipients received 
sulfamethoxazole/trimethoprim in drinking water for 2 weeks at the beginning of the 
protocol. After 6 weeks, mice were subjected to DSS. Chimerism was quantified by Q-PCR 
of peripheral blood cells at the time of euthanization, as previously described.63
Flow cytometry
Performed as previously.64 Briefly, enriched CD11c+ BMDCs were pretreated with Fc-
Block (Anti-Mouse CD16/CD32 Purified; eBioscience). Cells were then stained with anti-
CRLR (H-42; Santa Cruz, Dallas, TX, USA), anti-RAMP1 (FL-148; Santa Cruz) Abs or 
control serum, followed by detection with AF488-conjugated secondary Abs. Data were 
acquired with the C6 Accuri flow cytometer (BD Biosciences; San Jose, CA, USA).
Immunohistochemistry and BrdU labeling
Performed as previously reported.62,63 Briefly, formalin-fixed colons were paraffin 
embedded and sectioned (5 μm). Tissue sections were incubated overnight at 4°C with 
optimized dilutions of anti-Ki67 (Abcam; Cambridge, MA, USA) antibodies, incubated with 
HRP–conjugated secondary antibodies for 1 hr, followed by visualization with the DAB 
peroxidase substrate kit (Vector Laboratories; Burlingame, CA, USA). For BrdU stainings, 
mice were injected i.p. with 2 mg of BrdU solution at 2, 48 or 72 hrs before euthanasia. The 
BrdU In-Situ Detection Kit (BD) was used according to manufacturer’s instructions. Slides 
were counterstained with Hematoxylin 560 (Surgipath; Richmond, IL, USA).
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Immunofluorescent stainings and tissue analysis
Mouse spleen and colon were removed, washed and fixed overnight (at 4°C) in 4% 
paraformaldehyde (PFA). Human colon was obtained from consented patients undergoing 
right hemicolectomies for cancer, according to ethical regulations (NREC 09/H0704/02). 
Ascending colon that was a minimum of 10 cm away from the tumor was used for IF 
stainings. The specimens were macroscopically uninflamed. The image shown is 
representative of ascending colon samples from 4 patients. Age range 59 – 83 years old, 2 
females and 2 males. These colon tissues were fixed overnight in 4% PFA. Briefly, 10 μm 
sections of cryoprotected tissue were cut, incubated with blocking buffer (Dako; Carpinteria, 
CA, USA) for 1 hr, before primary antibodies were applied overnight (4°C); TRPM8 (1:200, 
Abcam: ab104569 - for mouse tissue; 1:200, Alomone: ACC-049 - for human colon), CGRP 
(1:400, Abcam: ab36001), CD11c (1:100, Abcam: ab33483) and E-cadherin (1:50, 
Millipore, MABT26). Tissues were then washed and species-specific AF secondary 
antibody (1:400, Invitrogen, Carsbad, CA) applied for 1 hr. A Leica DM4000 
epifluorescence microscope was used to visualize IR. Five fields of view (1.44 megapixel) 
were randomly obtained with a QImaging camera and analysed with ImageJ for total 
number of IR pixels in the region of interest within the mucosal layer.
CD11c+ splenic DC isolation and BMDC culture
Spleens were harvested and placed in 35 mm petri dishes containing RPMI-1640 (2% FBS), 
followed by homogenization. Splenocytes were filtered (100 μm) and erythrocytes were 
lysed by adding ACK Lysing Buffer (Gibco). CD11c+ cells were then isolated by using the 
EasySep mouse CD11c positive selection kit (StemCell; Vancouver, Canada), according to 
manufacturer’s instructions. CD11c+ BMDC were cultured and harvested as previously 
described.65 Briefly, BM cells from femurs and tibias were aseptically flushed with 
RPMI-1640 (2% FBS). BM cells were then passed through a 100 μm nylon mesh. BM cells 
were seeded at a density of 1 × 109 cells in complete RPMI medium containing 10 ng/mL 
rmGM-CSF. Medium was replenished (50 % v/v) on day 3 and day 6, respectively. CD11c+ 
DC cell selection was performed on day 7 by positive selection.
CD11c+ DC stimulation with TLR ligands
Enriched CD11c+ DCs were seeded at a density of 2 × 105 per well in 96-wells plates in 
complete RPMI medium in the presence of 10 ng/mL LPS or 5 μg/mL CpG. For some 
experiments, DCs were pretreated with 100 nM CGRP for 30 min before TLR stimulation. 
Supernatants were harvested after 24 hrs and cytokine concentrations in the supernatant 
were measured by ELISA.
RNA isolation and Q-PCR
Colonic tissue samples from proximal, middle and distal colon were snap-frozen and kept at 
−80°C until RNA isolation. IEC and CD11c+ DC cell suspensions were directly lysed in 
RLT buffer after isolation and enrichment procedures and stored at −80°C. RNA isolations 
were performed with the RNeasy Mini Kit (Qiagen; Hilden, Germany), cDNA synthesis 
with the qScript cDNA superMix kit (Quanta Biosciences; Gaithersburg, MD, USA). Q-
PCR was performed on the AB7300 Real-Time PCR System (Applied Biosytems) using 
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PerfeCta SYBR Green FastMix (Quanta Biosciences). Custom designed oligonucleotide 
sequences (IDT Technologies; Coralville, IA, USA) were used for Q-PCR (see 
Supplementary Table 1). To validate the specificity of the primer pairs, PCR products were 
run on 2% agarose gels and visualized with SYBR Safe DNA (Invitrogen).
Statistical analysis
Data are presented as mean ± SD or mean ± SEM, as indicated. P values are stated in figure 
legends. Unpaired Student’s t test was used for statistical analyses to compare two data sets 
with normal distribution, Mann-Whitney U test was used for nonparametric data, ANOVA 
was used to compare multiple data sets (Prism 5.0, GraphPad, La Jolla, CA).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TRPM8−/− mice are hypersusceptible to experimental colitis
(a) Mice were treated with drinking water with or without DSS 2% (w/v) for 5 days and 
euthanized on day 12 for analysis. DSS-treated Trpm8−/− mice showed significantly 
increased body weight loss, and, (b) significantly increased DAI scores compared to WT 
mice. (c) Increased epithelial damage and inflammatory cell infiltration in the distal colon in 
DSS treated Trpm8−/− mice compared to WT mice. Representative cross-sections of the 
distal colons of WT and Trpm8−/− mice after water or DSS treatment, respectively (H&E 
staining). No differences were observed between both genotypes in water controls. (d) 
Significantly increased mean colitis score in DSS treated Trpm8−/− versus WT mice, as 
determined by histological analysis. (e) Significantly increased ulcerated area of colonic 
mucosa in DSS treated Trpm8−/− compared to WT mice. (f) Increased production of pro-
inflammatory cytokines (TNF-α, IL-1β and IL-6) in colonic explants from DSS treated 
Trpm8−/− mice compared to WT mice. Of these inflammatory mediators, only IL-6 was 
detected in colon explant cultures taken from water treated (control) animals. (g) WT and 
Trpm8−/− mice were subjected to DSS 1% (DSSlow) for 5 days and euthanized on day 10. 
Only Trpm8−/− mice showed significant body weight loss and, (h) elevated DAI scores after 
DSSlow treatment. (i) Trpm8−/− but not WT mice showed mucosal damage and 
inflammatory activity after DSSlow treatment. (j) Significantly increased pro-inflammatory 
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cytokine production by colonic explants from Trpm8−/− mice. Data are mean ± SEM and 
representative of 3 independent experiments. *P<0.05 by 2-way ANOVA (a, g) or Mann-
Whitney (b, d–f, h, j). Scale bars = 100 μm (c, i).
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Figure 2. TRPM8 deficiency in non-hematopoietic cells results in a hyperinflammatory 
phenotype
(a) Splenic DCs from Trpm8−/− mice are hyperinflammatory in response to TLR 
stimulation. CD11c+ DCs were isolated from the spleens from WT and Trpm8−/− mice, 
followed by stimulation with 10 ng/mL LPS or 5 μg/mL CpG, respectively. Supernatants 
were harvested 24 hrs after stimulation. TNF-α and IL-6 levels in supernatants were 
quantified by ELISA. *P<0.05 (t-test). (b) Lack of a hyperinflammatory phenotype of 
Trpm8−/− BMDCs. BMDCs were obtained by expanding bone marrow cells with 10 ng/mL 
GM-CSF. CD11c+ DCs were obtained by positive selection at day 6. BMDCs were then 
stimulated with 10 ng/mL LPS or 5 μg/mL CpG and supernatants were harvested 24 hrs later 
for pro-inflammatory cytokine detection. (c) No detection of Trpm8 transcripts in CD11c+ 
splenic DCs or BMDCs. Positive control: spinal cord homogenate. (d) Non-myeloid 
expression of TRPM8 determines the susceptible phenotype of Trpm8−/− mice in 
experimental colitis. BMC were performed as described in Methods. Six weeks after BM 
transplantation, mice were treated with DSS (2%) for 5 days and followed for bodyweight 
loss. Mice were euthanized on day 9 for determination of colitis severity. Trpm8−/− 
recipients showed an increased susceptibility to DSS colitis compared to WT hosts, 
independent of BM donor genotype, as shown by their body weight loss and DAI. *P<0.05, 
WT –> Trpm8 or Trpm8 –> Trpm8 vs. WT –> WT (ANOVA). (e) Enhanced TNF-α 
production in colon explant cultures by Trpm8−/− recipients compared to WT mice after 
DSS treatment. *P<0.05 vs. WT –> WT (ANOVA). (f) Increased mucosal damage and 
inflammatory cell infiltration in Trpm8−/− recipients compared to WT mice. Scale bar = 100 
μm. Data are presented as mean ± SEM and representative of 3 independent experiments (a–
c).
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Figure 3. TRPM8+ mucosal fibers in the colon express CGRP
(a) Co-labeling for CGRP and TRPM8 in colon tissues from naïve WT mice. Representative 
pictures from IF staining showing TRPM8+/CGRP+ fibers in the mucosal layer (asterisk) 
and myenteric plexus (arrowheads). (b) Absence of TRPM8-IR in colons from Trpm8−/− 
mice. (c) In normal human ascending colon, CGRP-IR is found in fibers within the lamina 
propria, and in enteroendocrine (EE) cells lining the epithelium. TRPM8-IR is co-localised 
with CGRP only in fibers (asterisks). Right panel: interpretation of the merged IF image 
with TRPM8/CGRP co-labeling fibers in yellow. Representative results are shown (n=4). 
(d) Representative pictures of CGRP+ mucosal fibers in naïve and DSS-treated WT colons. 
Typically, naïve WT mice displayed an absence of CGRP-IR in the mucosa, which was 
markedly increased in inflamed colons (DSS). (e) Enhanced CGRP-IR was observed in 
naïve Trpm8−/− compared to WT mice, which was further increased after DSS treatment. (f) 
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Quantification of CGRP-IR in colons from naïve and DSS-treated WT and Trpm8−/− mice, 
respectively (n=4 for each group). CGRP expression increased following DSS colitis, with 
significantly increased expression in Trpm8−/− mice following disease, and when compared 
to WT DSS. (g) Representative picture of TRPM8/CGRP co-expression in mucosal fibers 
(asterisks) and myenteric plexus (arrowhead) after DSS treatment of WT mice. (h) 
Quantification of CGRP levels in colon homogenates (normalized per mg tissue) by ELISA, 
showing increased CGRP levels following DSS colitis in WT mice, with significantly 
elevated levels in naïve and DSS-treated Trpm8−/− mice. (i) Co-labeling for TRPM8 and the 
epithelial marker, E-cadherin, of naïve and inflamed colon sections from WT mice. 
Enhanced TRPM8-IR was observed in the myenteric plexus (indicated by arrowheads) and 
mucosal fibers (asterisks) in DSS treated colons. Data are presented as mean ± SEM (f, h). 
*P<0.05 versus naïve WT, or as indicated (ANOVA). Imaging was performed at 63X (a–e, 
g) or 20X (i) magnification.
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Figure 4. Close proximity between CGRP+ mucosal fibers and CD11c+ DCs
(a) CD11c+ cells were observed in the colonic lamina propria in close proximity to CGRP-
IR+ fibers in DSS-treated WT and Trpm8−/− mice, respectively. Imaging was performed at 
63X. (b) CD11c+ cells were significantly increased in numbers in DSS-treated Trpm8−/− 
compared to WT mice in colons, but not in spleens (n=4 for each group). Data are presented 
as mean ± SEM. *P<0.05 (t-test).
de Jong et al. Page 24
Mucosal Immunol. Author manuscript; available in PMC 2015 November 01.
Author M
anuscript
Author M
anuscript
Author M
anuscript
Author M
anuscript
Figure 5. CGRP receptor deficiency in BM-derived cells confers susceptibility to colitis
(a) WT and Ramp1−/− mice were subjected to drinking water with or without DSS (2%) for 
5 days, followed by normal drinking water. The mice were euthanized on day 9 to analyze 
the colitis severity. DSS-treated Ramp1−/− mice showed significantly increased bodyweight 
loss, and, (b) mean DAI compared to WT controls. (c) Ramp1−/− mice showed increased 
DSS-induced mucosal damage and inflammatory cell infiltration in distal colon sections 
compared to WT controls (H&E). (d) Significantly increased TNF-α and IL-1β production 
in colon explants from DSS-treated Ramp1−/− vs. WT mice. (e) Defective CGRP signaling 
in bone marrow derived cells determines the susceptible phenotype of Ramp1−/− mice in 
DSS colitis. WT mice with reconstituted WT or Ramp1−/− bone marrow were treated with 
DSS (2%). Mice were euthanized on day 9. Recipients of Ramp1−/− bone marrow were 
more sensitive to DSS colitis as demonstrated by increased weight loss. (f) Mice in the 
Ramp1−/− –> WT cohort showed increased histological features of mucosal injury 
compared to the WT –> WT control group, as shown by the difference in mean colitis score. 
(g) Representative examples of colon cross-sections from recipients of WT and Ramp1−/− 
BM, respectively. (h) Expression of Clr and Ramp1 transcripts in CD11c+ BMDC, as 
determined by Q-PCR. (i) Flow cytometric analysis of the expression of CRLR and RAMP1 
by CD11c+ BMDC. Cells were stained with primary Abs, followed by detection with 
AF488-conjugated secondary Abs (red lines). Isotype controls (blue lines). (j) Ramp1−/− 
BMDCs display a hyperinflammatory response to LPS (10 ng/mL) or CpG (5 μg/mL) 
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stimulation compared to WT BMDC. Data are mean ± SEM. *P<0.05 by 2-way ANOVA (a, 
e) or Mann-Whitney (b, d, f and j). Scale bars = 100 μm (c, g).
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Figure 6. CGRP treatment reverses the hyperinflammatory phenotype of TRPM8−/− mice
(a) CGRP reverses the hyperinflammatory phenotype of CD11c+ DCs from Trpm8−/− mice. 
CD11c+ DCs were isolated from spleens from WT and Trpm8−/− mice. DCs were pretreated 
with 100 nM CGRP for 30 min and then stimulated with 5 μg/mL CpG. TNF-α levels were 
determined in the supernatants harvested 24 hrs after TLR stimulation. (b) Daily 
administration of CGRP reversed the increased susceptibility of Trpm8−/− mice to DSS 
colitis. WT and Trpm8−/− mice were treated with i.p. CGRP (2 μg/day) or PBS, during and 
after 2% DSS treatment, until euthanization at day 10. CGRP treatment reversed the 
increased bodyweight loss in the Trpm8−/− cohort compared to WT mice. (c) DAI of WT 
and Trpm8−/− mice after daily PBS or CGRP administration during DSS treatment, 
determined on day 10 of follow-up. (d) CGRP treatment reversed the increased histological 
signs of mucosal injury and inflammation in Trpm8−/− mice during DSS colitis. Scale bar = 
100 μm. All data are presented as mean ± SEM. *P<0.05 versus WT control or as indicated 
(ANOVA).
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Figure 7. Working model of the effects of TRPM8+/CGRP+ mucosal fibers in colitis
(a) Proposed model of the local, anti-inflammatory effects of CGRP released by TRPM8+ 
sensory nerve fibers in the tissue microenvironment of the colon. In WT mice, the local 
release of CGRP by TRPM8+ mucosal fibers inhibits pro-inflammatory cytokine production 
by CD11c+ DCs in the course of mucosal damage and inflammation. (b) In Trpm8−/− mice, 
the lack of TRPM8 triggering results in CGRP accumulation in mucosal fibers. The absence 
of mucosal CGRP release results in unrestrained production of pro-inflammatory cytokines 
and enhanced colitis.
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